We report on the demonstration of MoS2/GaN UV-visible photodetectors with high spectral responsivity both in UV and in visible regions as well as the observation of MoS2 band-edge in spectral responsivity. Multi-layer MoS2 flakes of thickness ~ 200 nm were exfoliated on epitaxial GaN-on-sapphire, followed by fabrication of detectors in a lateral MetalSemiconductor-Metal (MSM) geometry with Ni/Au contacts which were insulated from the GaN layer underneath by Al2O3 dielectric. Devices exhibited distinct steps in spectral responsivity at 365 nm and at ~ 685 nm with a corresponding photo-to-dark current ratio of ~4000 and ~ 100 respectively. Responsivity of 0.1 A/W (at 10 V) was measured at 365 nm corresponding to GaN band edge, while the second band edge at ~ 685 nm is characterized by a spectral responsivity (SR) of ~ 33 A/W when accounted for the flake size, corresponding to the direct band gap at K point of multi-layer MoS2.
reports on MoS2-based optical detectors, but no report exists on dual-band photodetectors architecture which exploit the band gaps of both, 2D material and a wider band gap material on which such layered semiconductor is deposited or transferred. MoS2 and GaN are the most widely studied 2D and wide band gap materials respectively due to their several advantages 11, 12 . In this report, we demonstrate MoS2-GaN heterojunction-based UV-Visible dual-band photodetectors with high spectral responsivity in both UV and visible spectral regions.
A schematic of the device structure is shown in Figure 1 . GaN epi-layer was grown on sapphire using Metal-organic Chemical Vapor Deposition (MOCVD) in an Aixtron 200/4-HT horizontal flow low-pressure reactor. The GaN epilayer exhibited a smooth surface morphology with an rms roughness value of 1.5 nm (for 10 µm X 10 µm scan), measured using atomic force microscopy (AFM). The crystalline quality of the GaN sample was investigated using high resolution X-Ray Diffraction measurements. The full width at half maximum (FWHM) values of the (002) and (102) planes of GaN was measured to be 0.1 degrees and 0.3 degrees, respectively. Subsequently, the sample was subjected to standard solvent clean. MoS2 flakes (obtained from bulk sample purchased from hqGraphene) were then exfoliated using standard scotch tape method. By inspection through optical microscope, multilayer (bulk)
MoS2 flakes were selected for device fabrication. Al2O3. Then, the patterning and deposition for Al2O3 was performed such that the; metal layer would form contacts only with MoS2 and remain isolated from underlaying GaN. This was followed by patterning for metal deposition on this dielectric layer using e-beam lithography.
Ni/Au (30/100 nm) contacts were then deposited using e-beam evaporation, forming MetalSemiconductor-Metal (MSM) (finger width of 10 µm, spacing of 10 µm and probing pad size of 150 µm square). Scanning Electron Microscope (SEM) image of device ( Figure 3 (a)) clearly
shows that the GaN layer has been electrically isolated from the metal contacts using the dielectric. Figure 3 (b) shows the top view of as-fabricated device obtained using optical microscope.
The electrical and photo-response properties of fabricated device was studied using electrical 4-probe station measurement system (Agilent B1500 Semiconductor Parameter Analyzer), Keithley 2450 source meter and ScienceTech Quantum Efficiency (QE) measurement system (Details reported previously in Ref. 13 and 14) ). The QE tool was used as source of monochromatic light. Figure 4 shows the I-V characteristics of the device under dark and various illumination wavelengths. The photo-to-dark current ratio was observed to be ~ 4000 at a bias of 20 V and at an optical intensity of 8.24 mW/cm 2 for 365 nm. Photo-current measurements were then followed by spectral responsivity (SR) measurements using QE tool. indicative of a layer-dependent absorption in multi-layer MoS2. Figure 5 shows the spectral responsivity measured for GaN only device (without MoS2) which clearly shows the absence of any band-edge above 365 nm, thus testifying that the band-edge observed at ~ 685 nm in MoS2-GaN heterojunction devices was contributed from MoS2. The mechanism behind obtaining such kind of behavior can be explained as follows. Figure 6(a) shows the mechanism of photo-generated carrier transport across GaN-MoS2 layers. Given the thickness of MoS2 is ~ 230 nm, it will absorb almost 100% of the 365nm-UV radiation incident on it, allowing negligible penetration to the GaN layer underneath. However, while the size of the MoS2 flake is ~ 30 x 50 µm 2 and the distance between metal pads and flake edges is ~ 10 µm, the spot size of the UV illumination is ~ 2 mm in diameter. Thus, a substantial region of GaN layer outside of the MoS2 flake gets exposed to the 365 nm radiation leading to generation of photo-carriers, a fraction of which are collected by the contacts on MoS2 as they are swept by the fringing field, particularly those that are generated in the immediate vicinity of the MoS2 flake. The small conduction band offset between MoS2 and GaN is expected to play a negligible role in impeding the collection of the photo-carriers as they traverse the heterojunction.
When photon of energy equal or higher then GaN bandgap is incident on the device, generated photo-carriers will travel through MoS2 and will get collected by metal pads 18 -20 . The total photo current as explained in Figure 6 (b) is thus given as
For wavelength <365 nm, I Total would be equal to Equation (1) . while for wavelength greater than 365 nm IGaN would be zero and ITotal will be equal to
Thus, the Spectral Responsivity (SR) can be given as,
Here G is the internal gain, Pin is incident optical power. Figure 7 shows the variation of peak SR with applied bias for both GaN and MoS2. At 365 nm, the peak responsivity varies linearly with bias indicating transit time limited gain in GaN. At 685 nm, the responsivity saturates at higher voltage. The reduction in SR value at higher voltage can be attributed to the saturation in the magnitude of the true photo current i.e. the difference between dark current and net photo current. 
